This paper presents results from a multi-frequency electromagnetic sensor used to evaluate the microstructural changes in 9Cr-1Mo and 2.25Cr-1Mo power generation steels after tempering and elevated temperature service exposure. Electromagnetic sensors detect microstructural changes in steels due to changes in the relative permeability and resistivity. It was found that the low frequency inductance value is particularly sensitive to the different relative permeability values of both steels in the different microstructural conditions. The changes in relative permeability have been quantitatively correlated with the microstructural changes due to tempering and long-term thermal exposure, in particular to changes in martensitic/bainitic lath size and number density of carbide precipitates that determine the mean free path to reversible domain wall motion. The role of these microstructural features on pinning of magnetic domain wall motion is discussed.
I. INTRODUCTION
MICROSTRUCTURAL changes during operation of elevated temperature power generation steels alter their properties and their remaining safe operating life (remnant life). [1] Efficient operation of power generation plant requires the microstructural condition to be assessed during service. Currently, the microstructural state is assessed using replicas of the surface or inferred from hardness measurements, both taken during shut down periods. Non-destructive evaluation (NDE) of the microstructural state of power plant steels during their service life is of interest in order to give a more accurate assessment of safe remnant life. Among a wide range of NDE techniques available, electromagnetic (EM) methods are of particular interest in evaluation of ferromagnetic ferritic heat resistant steels. EM sensors can be used in a non-contact fashion (with stand-off distances of over 10 mm [2] ) and can survey through (non-magnetic, non-conducting) coatings. Ferritic Cr-Mo alloy steels are commonly used for heavy section power plant components such as steam line pipes, boiler tubes, and turbine rotors operating at temperatures from around 833 K to 903 K (560°C to 630°C). Future operating temperatures may increase to 923 K (650°C) in order to increase the thermal efficiency of power plant. [3] Cr-Mo-based creep-resisting steels, such as the 2.25Cr-1Mo and 9Cr-1Mo families, are normalized, quenched, and tempered, or normalized and tempered at service entry with their microstructures consisting of a tempered lath martensite (lath widths about 0.3 to 0.5 lm) strengthened by alloy carbides. [4] During elevated temperature service (usually for tens of years) the microstructure evolves gradually. First, the fine tempered martensite laths coarsen into broader ferrite laths. For example, Sawada et al. [5] observed, by in situ TEM, the distribution of the lath size for a 9Cr creep resistant steel broadening with initially a mode of less than 0.2 lm for as-normalized martensite laths into about 0.4 lm during recovery. Second, the M 2 X fine carbides coarsen into larger, more equilibrium M 23 C 6 and/or M 6 C carbides. [6] [7] [8] [9] Abdel-Latif et al. [10] reported a decrease in the volume fraction of acicular particles and an increase in the overall interparticle spacing in a T22 steel after prolonged service. Gope et al. [11] observed coarsening of M 23 C 6 from 0.5 to 0.8 lm and M 6 C from 0.2 to 0.4 lm subject to creep tests at 853 K (580°C) for about 15,000 hours. Byeon and Kwun [12] reported globular and rectangular parallelepiped carbides in commercial T22 growing by>45 pct subject to accelerated aging at 903 K (630°C) with the number density decreasing by over 60 pct. Finally, a ferrite grain structure forms with grain growth and the concentration of coarser carbides on ferrite grain boundaries. [6, 13] Ferromagnetic materials such as ferritic steels contain magnetic domains, consisting of aligned magnetic moments, separated by domain walls. Each magnetic moment has associated with it a certain amount of free energy. The existence of domains is a consequence of energy minimization. As a magnetic field is applied domains will be re-aligned through domain wall motion, domain nucleation and growth, and/or domain rotation until a new minimum free energy state is reached. Microstructural features can interact with these processes to modify the energy balance and ease of domain re-alignment and hence affect the magnetic properties of ferromagnetic materials. More details on the domain theory and the effects of microstructure of ferromagnetic materials on their magnetic domains and properties can be found elsewhere. [14] EM-based sensors use applied magnetic fields with different magnitudes and directions and pick up the EM signals in a variety of forms depending on the type of the EM technique used and the nature of the domain movement. For example, irreversible domain wall motion past pinning features in a ferromagnetic material can be detected as a sharp pulse voltage in a search coil wound around the specimen, which is known as magnetic Barkhausen emission (MBE) or Barkhausen noise (BHN). [15] It has been reported that microstructural changes involving grain size, martensitic lath size, precipitation, and dislocation density result in changes in the magnetic properties of steel. [12, [16] [17] [18] [19] [20] [21] For example, Moothy et al. [17, 18] correlated grain/lath size coarsening and precipitation in 0.2C steel, 9Cr-1Mo, and 2.25Cr-1Mo steels with MBE parameters. A maximum MBE peak occurred at an intermediate tempering time [around 10 hours at 923 K (650°C)] when there was a certain combination of particle size distribution (affecting magnetic domain pinning strength) and interparticle spacing (affecting mean free path of the domain wall displacement). Dissolution of M 2 C or M 2 X precipitates in 9Cr-1Mo [17, 18] and 2.25Cr-1Mo [12, 19] steels was indicated by a large decrease in MBE peak values after a long tempering time. Yamaura [22] found that for pure iron, in which grain boundaries are the predominant domain wall pinning points, the BHN power voltage obeyed a Hall-Petch-type relationship with grain size, which was in agreement with Sakamoto's theoretical prediction. [23] Nevertheless, it should be noted that MBE parameters are not only affected by microstructure but are also dependent on the geometry of test samples/sensors, experimental conditions and signal processing. There is no explicit linkage between MBE parameters and magnetic properties, while relationships between EM sensor signals and relative permeability and resistivity can be mathematically described in classical electromagnetics. Moreover, MBE systems operate at a low singular frequency in a magnetic field of relatively high amplitude where MBE signals, being affected by the microstructural features that affect irreversible domain wall movements, are insensitive to those only affecting reversible domain wall movements. Chen and Jiles [24] modeled reversible domain wall motion with pinning by general point defects and determined that the initial permeability is proportional to q À2/3 , where q is the number density of the pinning sites. This relationship was found to be in reasonable agreement with experimental results for a series of carbon steels of different carbon contents, where pinning was due to ferrite grain boundaries only for a 0.006 wt pct carbon steel or spheroidized cementite particles and grain boundaries for the steels of carbon content from 0.2 to 0.95 wt pct. While there has been significant work looking at the effects of microstructural features on magnetic properties an analysis of complex microstructures where many microstructural parameters are changing, such as power generation steels in service has not been presented; a systematic study of the microstructural features that particularly affect reversible domain wall movements in a small applied field, such as applied by a multi-frequency EM sensor, has not been reported. There has been little experimental work relating microstructural features directly to the initial relative permeability, a fundamental magnetic property that is sensor-independent, as opposed to sensor-or sample-geometry-dependent parameters such as MBE parameters.
Multi-frequency EM sensors have proved sensitive to the change of ferrite/austenite fraction, [25, 26] shown using model alloys, in situ analysis and modeling. Prototype EM sensors are being used for in situ monitoring of the c ! a transformation during steel processing. [27] EM sensors have also been used to detect decarburization, [28, 29] shown with high carbon steels for on-line and off-line monitoring. The theory as to how the relative permeability and resistivity of a sample affect the multi-frequency EM response, for any sensor geometry, is presented elsewhere. [30] It has been shown that the multi-frequency EM sensors are able to detect the initial relative permeability and resistivity changes, resulting from microstructural changes in power plant steels during service at high temperatures. [31] However, the role of different microstructural feature changes was not considered in detail before. To assess the sensitivity of a multi-frequency EM sensor to the changes in power generation steel microstructures this paper has studied the EM sensor response to P9 and T22 steel samples representative of initial service entry and long-term exposure microstructures. It is also necessary to correlate the relatively small yet complex microstructural changes during service exposure in these steels with changes in their fundamental magnetic and electrical properties i.e., the initial relative permeability and resistivity. The overall aim of this research is the development of appropriate EM sensor geometries for monitoring power plant steels and providing useful and interpretable information for a reliable prediction of safe remnant life.
II. MATERIALS AND EXPERIMENTAL DETAILS
The P9 and T22 steels (P9ES and T22ES) studied were removed from a refinery furnace at a petrochemical plant after approximately 11 years at 793 K (520°C) (comparable with a similar time of elevated temperature exposure during service in power generation plant [32] ). Their chemical compositions are given in Table I . Selected samples (approx. 70 mm Â 15 mm Â 7 mm) were heat treated to simulate the service entry microstructure, i.e., tempered martensite/bainite, by normalizing at 1223 K (950°C) for 1 hour or 1213 K (940°C) for 1 hour followed by air cooling to room temperature and then tempering at 1033 K (760°C) for 1 hour or 993 K (720°C) for 1.5 hours for P9 and T22, respectively (P9T and T22T). As-normalized samples were also examined (P9N and T22N). The heat treatment conditions have been determined as per ASTM standards A335 [33] and A213 [34] as well as literature data. [6, [35] [36] [37] Metallographic samples were polished to a 0.25 lm finish and etched (in Kallings [38] for P9 and in 2 pct nital for T22). A JEOL-7000 Field Emission Gun Scanning Electron Microscope (FEG-SEM) and an Oxford Inca EDS was used to obtain SEM micrographs and analyze alloy contents at selected points/areas. Additional metallographic samples were polished to a 1 lm finish followed by several etching-polishing cycles and a final polishing with OPS (oxide polishing suspension) for 10 minutes for electron backscattering diffraction (EBSD) analysis using an Oxford Inca EBSD in a JEOL-7000 FEG-SEM. Lath boundaries and outlines of carbide particles in SEM micrographs were reconstructed as trace features and objects respectively using Image-Pro Plus. Average distances between two neighboring trace features were taken as lath width and average length of diameters measured at 2-deg intervals passing through objects centroid as equivalent diameter of particles.
A four-point probe technique was employed to independently measure the resistivity of the steels with a direct current Cropico DO5000 microhmmeter at room temperature using machined cylinder specimens, 4.95 mm in diameter and 50.0 mm in length. The resistivity values were used as input into a Comsol model (described later) to determine the relative permeability values.
A cylindrical EM sensor, similar to that used in Reference 28, consisting of one exciting coil and one sensing coil both wound around an insulating tube of 5.5 and 6.5 mm inner and outer diameters, respectively, was used in this study. EM sensor tests were carried out on the same cylindrical specimens as for the resistivity measurements. The sensor was operated at 3 V and over a range of frequencies from 10 Hz to 1 MHz. Signals detected by the sensing coil were recorded and processed [31] by a Solartron Analytical Model S1260 Impedance Analyzer to give the complex trans-impedance Z, from which the mutual inductance L was calculated as L = Z/jx, where x is angular frequency and j the imaginary unit.
III. MICROSTRUCTURAL CHANGES

A. 9Cr-1Mo Steels
The microstructure of as-normalized P9 consists of martensite (of a typical lath width at 297 ± 46 nm, which is close to literature values, [39] as measured from EBSD image quality maps, shown in Figure 1 ) and bainite as shown in Figure 2 (a) (reproduced from Reference 31). There are high density of high angle (>15 deg) boundaries including all the martensitic/ bainitic colony/packet boundaries and some lath boundaries and a lower density of low angle (3 to 15 deg) lath boundaries as shown in Figure 3 Subsequent tempering produced a simulated service entry microstructure, i.e., tempered martensite/bainite as shown in Figure 2 (b) (reproduced from Reference 31) with majority of the laths measuring around 380 ± 149 nm wide (consistent with previous data [4] ) as measured from SEM images while some areas without clear lath features present in the SEM images (probably due to non-uniformity in etching) are not considered in the measurement. Compared to the as-normalized P9, there is a significant decrease in the density of low angle boundaries as observed from Figures 3(b) and (d) due to the coarsening of martensitic laths. Many fine alloy carbides are present along the lath boundaries, together with some coarse equiaxed precipitates. The size of the latter is inconsistent with their formation during tempering and so they are more likely to be coarse carbides from the service-exposed condition that failed to dissolve completely and remained from the prior solution heat treatment as shown in Figure 4 (a) as well as Figure 2 (b). However, these carbides are so widely separated that they are expected to have a negligible effect on the overall pinning of domain wall motion, and hence the relative permeability, compared to other fine precipitates. After long service exposure, the microstructure showed equiaxed ferrite (of 9.6 ± 5.7 lm in equivalent diameter) with large carbides distributed within ferrite grains or on grain boundaries as shown in Figures 2(c) and 4(b). Compared to the as-tempered P9, very few low-angle boundaries remained after the service exposure as can be seen in the inverse pole figure map overlaid with boundaries shown in Figure 3(c) and the misorientation distribution shown in Figure 3(d) . Most ferrite grain boundaries are high-angle boundaries. Table II gives values for dislocation density (estimated from literature values), the high-angle and low-angle boundary density measured by EBSD, martensitic/bainitic lath width, or ferrite grain size, and the mean equivalent circle diameter d, number density N and total area fraction of carbide precipitates U A for the P9 and T22 samples in the different conditions. For the service-exposed P9 and T22 the precipitates on grain boundaries are not included as they are expected to play a very minor role in determining relative permeability compared to the grain boundaries on which they precipitated. This is because the initial relative permeability value is affected by magnetic domain boundary pinning and grain boundary carbides are similar or weaker pinning points than grain boundaries, and, if present on the grain boundaries, do not provide any additional pinning and hence little contribution to relative permeability. Figure 5 compares the size [42] 5.30 2.92 -50 [43] --T22T 1.27 [42] 5.64 2.53 0.443 ± 0.136 59 ± 29 18.36 ± 0.33 5.79 ± 0.09 T22ES 0.02 [44] 0.91 0.00 27.5 ± 17.1 181 ± 83 1.88 ± 0. distributions for the precipitates in the as-tempered and the service-exposed P9. It clearly shows an overall coarsening (a 133 pct increase in size) and a significant broadening of the distribution after long-term, elevated temperature exposure in service. The number density of precipitates decreased to only 11 pct of the as-tempered P9 value accompanied by a 52 pct reduction in area fraction. Figure 6 plots Cr, Mo, and Fe contents (wt pct) measured by EDS on a number of selected typical precipitates at different locations for the studied P9 samples, which shows a consistent enrichment of Cr and Mo alloying elements after the tempering and the service exposure. The trend lines (solid lines) indicate the rate of the enrichment of Cr and Mo elements and the rate of the increase in Cr content and the decrease in Fe content remained more or less constant as shown in Figures 6(a) and (b), respectively, which seems to indicate a progressive formation of Cr-based carbides. Given the submicron size of the precipitates, Table II , then some of this may reflect varying overlap of the beam with the Fe-rich matrix during SEM-EDS measurements. The type of the selected carbides was identified as M 23 C 6 based on the literature data for the Cr/Mo ratio of M 23 C 6 carbides [45, 46] plotted as dotted lines in Figure 6 .
B. 2.25Cr-1Mo Steel
The as-normalized T22 steel shows a mixed microstructure of bainite and a small amount (<5 pct) of proeutectoid ferrite as shown in Figure 7(a) . No carbides are present in the pro-eutectoid ferrite, but plate-like carbides can be seen within the bainitic regions. After tempering many carbides can be observed along prior austenite grain boundaries (PAGBs), on ferrite boundaries or within bainite regions as shown in Figure 7 (b). The microstructure of T22 after the service exposure consists of equiaxed ferrite (27.5 ± 17.1 lm equivalent diameter) and many carbides outlining the ferrite grain boundaries or occurring within the ferrite grains as shown in Figure 7 (c). Figure 8 shows an inverse pole figure map with highlighted boundaries and a misorientation distribution histogram for T22 samples in the different conditions. There is a reduction in the number of low angle boundaries after tempering and a significant decrease in both low-and high-angle boundaries after the service exposure as a result of annihilation of the ferrite lath boundaries, as can be seen in Figure 8 Figure 10 , which shows a similar broadening as seen in Figure 5 for P9 samples but a more significant coarsening (182 pct increase in mean equivalent diameter). The number density fell dramatically to only 12.8 pct of the as-tempered value while the total area fraction slightly increased by 4.6 pct after the long service exposure. Figure 11 shows a scatter plot of Cr and Mo content measured by EDS on the precipitates at various locations in the studied T22 samples, together with literature data on the values of Cr/Mo ratio of different identified types of carbides in 2.25Cr-1Mo steels plotted as dotted lines. Therefore the types of the selected carbide particles in the studied T22 steels can be accordingly identified based on the data shown in Figure 11 as well as the reported precipitation sequence in T22 steels. [9, 47] These carbides include (a) Mo-rich M 2 C occurring on lath boundaries in the as-tempered condition as well as some remained/enriched after service exposure; (b) Cr-rich M 23 C 6 (and possibly some M 7 C 3 ) including most carbides after the service exposure and some present on lath boundaries after the tempering; (c) possible Mo-rich and equilibrium M 6 C only present at triple boundaries. It should be noted that there was a notable depletion of Mo in the matrix after long service exposure as described in Table III .
IV. RESISTIVITY
A. 9Cr-1Mo Steels
The electrical resistivity measurements for all the samples are given in Table IV (reproduced from Reference 31). The tempering heat treatment resulted in a 7.49 pct resistivity drop compared to the as-normalized P9 value. In contrast, the ex-service resistivity decrease compared with the normalized and tempered value is only 0.46 pct despite the large microstructural changes as described above. This is due to the resistivity value being most affected by the change in dislocation density [48] and elements (for example carbon) in solution [49] between the as-normalized condition and tempered condition, with the service exposure for P9 resulting in very limited further change in these factors.
B. 2.25Cr-Mo Steels
Compared to P9 the T22 steel samples have much lower resistivity values due to a much lower content of solute alloy elements. However, the resistivity decrease due to service exposure and tempering are more significant than in P9, being 9.00 and 17.79 pct, respectively. This different behavior compared to P9 is attributed to a notable depletion of Mo in the matrix after service exposure. As an alloying element in solution, Mo element has a more significant effect than Cr on resistivity values owing to a greater difference in atom radius from Fe and two valence electrons (as can be seen in Table III ) giving rise to more significant conduction electron scattering. Figure 12 (a) (reproduced from Reference 31) shows the real part of the mutual inductance from EM sensor measurements of the P9 samples as a function of frequency. The real inductance is essentially independent of frequency over the low frequency (approx 10 to 100 Hz) range then drops continuously with increasing frequency until it approaches a small negative value at very high frequencies (over approximately 0.1 MHz). For conciseness the inductance value at low frequencies (here taken as the mean value for the first fivedata points from 10 to 25 Hz) has been used as a characteristic inductance parameter L 0 (as this is known to be sensitive to the relative permeability of the material); the values of which are given in Table IV .
V. EM SENSOR TEST AND DETERMINATION OF RELATIVE PERMEABILITY
The inductance L 0 of the as-tempered P9 is 45 pct lower than that of the service-exposed value and 37.5 pct higher than the as-normalized value. Over the low frequency range, the relative permeability dominates the L 0 value as the effects of induced eddy currents are insignificant. As the frequency increases eddy currents strengthen (and the effect of the material resistivity strengthens accordingly) and reduce the mutual inductance, which accounts for the decreasing (damping) part of real inductance as shown in Figure 12(a) .
A 2D axisymmetric finite element (FE) model was developed for modeling the sensor signal output in response to a steel sample of given resistivity and relative permeability using Comsol Multiphysics. The model is broadly similar to that described in Reference 28 and exploits the inherent cylindrical symmetry of this sensor design. The resistivity values of modeled samples were taken from the experimental measurements and the relative permeability values determined by fitting the modeled real inductance with the experimental measurement based on a nonlinear least square method with 51 frequency points from 10 Hz to 1 MHz (logarithmically spaced) in Comsol LiveLink for Matlab. It should be noted that fitting was also carried out for both the relative permeability and resistivity (to account for a situation where this value was unknown, e.g., during inspection of power plant components) and the difference in values obtained was very small (e.g., only 0.55 pct for the as-tempered and 1.65 pct for the serviceexposed P9). Close fits between the modeled and measured real inductance for all the samples have been achieved as shown in Figure 12 . The fitted relative permeability values are presented in Table IV as well as plotted as a function of low frequency inductance values in Figure 13 (reproduced from Reference 31). Figure 13 indicates that the relative permeability values exponentially increase with corresponding low frequency inductance for both P9 and T22 steels in the different heat treated conditions, for this sensor design.
The EM sensor measurements of the T22 samples in terms of the real part of mutual inductance as a function of frequency, is shown in Figure 12 (b) (reproduced from Reference 31). The L 0 value for T22 changes on tempering and after service exposure in a similar manner as for P9 although to a lesser extent. There is an 11.2 pct increase of L 0 after service and 13.1 pct after tempering, corresponding to a 14.7 and 23.0 pct increase in relative permeability after service and tempering, respectively.
VI. DISCUSSION
The resistivity drop after the tempering or service exposure for both the P9 and T22 steel has a negligible influence on the low frequency inductance value according to Comsol modeling of the real inductance with a fixed relative permeability and changing resistivity values. Therefore, the increase in relative permeability can be ascribed to the change in microstructural features pinning domain wall motion.
It should be noted that the relative permeability values for the studied steels determined in this paper only apply to small magnetic fields, where domain wall motion can be treated as approximately reversible. That is, domain walls return to their original positions after application and removal of an applied field or, in an alternated current field, oscillate between neighboring pinning sites. Reversible domain wall motion could incorporate translation (or planar motion) before being pinned and bowing of domain walls (i.e., expanding like an elastic membrane) between neighboring pinning points. [51] During translation, domain walls are subject to varied potential energy associated with defects such as dislocations, inclusions, and boundaries within the material. Once they encounter a potential well associated with strong pinning features steep enough that they cannot overcome it there will be no further reversible translation of domain walls. The mean free path for domain wall translation should, therefore, determine the relative permeability in the case of pure translation approximation, e.g., when a domain wall translates along its normal direction and is pinned by a lath boundary that is parallel with it. If a domain wall is allowed to further bow between pinning sites, e.g., between neighboring carbide precipitates, the relative permeability should be based on a pure bowing approximation and so is determined by inter-particle spacing (or equivalently the inverse of the number density of the particles for a random distribution [24] ) and domain wall energy. [52] For the as-normalized P9, the high-density martensitic/bainitic lath boundaries (formed of high-density dislocation networks) are predominant pinning sites to planar domain wall motion between laths. It has been reported that most (>90 pct [41] ) dislocations in the as-normalized P9 make up martensitic/bainitic lath boundaries while the intra-lath dislocations are of relatively low density and expected to generate only insignificant potential energy well compared to the domain wall energy because they are far smaller than domain wall thickness (approximately 160 atomic layers for pure iron). Therefore domain walls can move more or less reversibly between martensitic or upper bainitic laths in the as-normalized and as-tempered P9. It follows that lath width determines the mean free path for reversible domain wall motion.
During the tempering of P9, precipitation of carbides occurs mostly on lath or grain boundaries, which play a relatively minor role in pinning domain walls as explained earlier that the grain/lath boundaries are the major pinning features in this case. [53] Therefore, the mean free path for domain wall motion, and hence the relative permeability, is still governed by lath width. Accordingly, the significant increase in relative permeability (from 37 to 66) after tempering can be ascribed to a coarsening of lath boundaries increasing the mean free path for domain wall translation and reducing the number density of boundaries eventually pinning domain wall motion. As the lath boundaries disappear after service exposure, the carbide precipitates that were on the lath boundaries become effective pinning points. The carbides that were originally distributed along lath boundaries after long service exposure are distributed more randomly within the ferrite grains as a result of a coarsening. The mean inter-particle (edge to edge) spacing k m ; which can be estimated by k m ¼ ð1 À U A Þ=N [54] as a first approximation to a random distribution, becomes the mean free path to domain wall motion. The enrichment of alloying elements (Cr and Mo) in the precipitates during long service exposure, Figure 6 , reduces their ferromagnetism, [55] while this will increase their domain wall pinning strength, it is not expected to change their effect on the reversible domain wall motion for the small fields applied during EM testing. Therefore, during the service exposure for P9 the significant increase (>100 pct) in relative permeability can be attributed to a coarsening of the ferrite lath widths reducing the number of planar pinning features and allowing further domain wall bowing after encountering pinning points, and a coarsening of carbide precipitates increasing the mean free path and reducing the number of pinning points to domain wall motion.
Compared to the as-normalized P9, the higher relative permeability (66 compared to 37) for the as-normalized T22 is expected of (a) a greater bainite lath width as can be observed from Figures 2(a) and 7(a) increasing the mean free path to domain wall motion, or equivalently, a significantly lower density of both low-angle and highangle boundaries reducing the number of available pinning sites; (b) some pro-eutectoid ferrite, whose grain size are much larger than the lath width allowing more reversible domain wall motion. After tempering at least a certain proportion of fine precipitates within ferrite laths (lower bainite) are expected to be weak pinning points to domain wall motion for two reasons. First, these precipitates (mostly cementite) are ferromagnetic owing to a high content of Fe and are expected to generate a lower demagnetising field and hence cause less disturbance to domain walls trying to pass through them, which makes them weaker pinning points than the equilibrium precipitates M 23 C 6 (almost non-magnetic [56] ) to domain wall motion according to Neel's theory. [57] Second, many of them may be too small to effectively pin domain wall motion as it has been reported [58, 59] that very fine precipitates have no effect on domain wall motion. Therefore lath boundaries are expected to be major pinning sites to domain wall motion and lath width a determinant parameter to relatively permeability. After long service exposure, however, significantly coarsened precipitates (compared to the as-tempered condition) occurring within ferrite grains become effective and predominant pinning points to domain wall motion. Therefore, the mean interparticle spacing determine the mean free path to domain wall motion and hence the relative permeability.
In summary, the mean free path for domain wall motion in the case of the boundary-dominated pinning e.g., for the as-normalized and as-tempered conditions, is approximately the martensitic or bainitic lath width, [31] Fig. 13 -Relative permeability as a function of low frequency inductance for both P9 and T22 samples in the different heat treated conditions fitting well with an exponential relationship. [31] or the inter-particle spacing in the case of precipitatedominated pinning, e.g., for the service-exposed P9 and T22. Figure 14 plots the initial relative permeability values as a function of the mean free path to domain wall motion for both P9 and T22 steels in the different conditions. It indicates the initial relative permeability increases with the mean free path to domain wall motion approximately by l r = l m À A/k m . This is close to, but greater than the mean free path dependence determined by modeling (with an exponent of À2/3 [24] ), and is closer to that expected if the reversible pinning of domain walls was similar to Orowan pinning of dislocations. Accordingly, one would expect the initial relative permeability values to approach l m at a large k m , e.g., for a P9 or T22 steel without any pinning sites to domain wall motion such as precipitates or lath boundaries, within the ferrite grains. Despite free of intra-grain pinning, domain wall motion is still subject to a tendency to minimum energy state of the domains, where an increase in magnetostatic energy (or demagnetising energy) balances against a decrease in the energy due to the applied field, as a consequence of an increase in domain wall spacing. Domain wall spacing is found to be affected by grain size when there are no other pinning sites present within grains in Si-iron. [60] The pre-exponential factor A may be related to material constants (probably the saturated magnetisation) and domain wall energy that affect domain wall bowing.
VII. CONCLUSIONS
In conclusion, the present multi-frequency EM sensor has proved sensitive to relatively small microstructural changes in both P9 and T22 steels after tempering and service exposure that can be related to the changes in their resistivity (minor effect) and relative permeability (dominant effect). The real inductance at low frequencies L 0 is particularly affected by differences in the relative permeability of the steels studied, which is found to increase exponentially with the L 0 values in the range studied. The change in the microstructural features that determine the mean free path to reversible domain wall motion include martensitic/bainitic lath boundaries for the as-normalized and as-tempered P9 and T22 or the number density of carbide precipitates for the ex-service P9 and T22 governs the change in the relative permeability values. It was found that the relative permeability values increase with the mean free path to domain wall motion for both the P9 and T22 in the different conditions by a power law at an exponent of À1 and approaches to a certain value corresponding to a P9 or T22 steel without any intra-grain lath boundaries or precipitates pinning domain wall motion.
Fig. 14-Relative permeability l r as a function of mean free path for domain wall motion k m (with standard error) for both the P9 and T22 samples in the different conditions. The relationship fits well with a power law at an exponent of approximately À1.
